The thymus is an organ for T lymphocyte maturation and is indispensable for the establishment of a highly developed immune system in vertebrates. In order to genetically dissect thymus organogenesis, we carried out a large-scale mutagenesis screening for Medaka mutations affecting recombination activating gene 1 (rag1) expression in the developing thymus. We identified 24 mutations, defining at least 13 genes, which led to a marked reduction of rag1 expression in the thymus. As thymus development depends on pharyngeal arches, we classified those mutations into three classes according to the defects in the pharyngeal arches. Class 1 mutants had no or slight morphological abnormalities in the pharyngeal arches, implying that the mutations may include defects in such thymus-specific events as lymphocyte development and thymic epithelial cell maturation. Class 2 mutants had abnormally shaped pharyngeal arches. Class 3 mutants showed severely attenuated pharyngeal arch development. In Class 2 and Class 3 mutants, the defects in thymus development may be due to abnormal pharyngeal arch development. Those mutations are expected to be useful for identifying the molecular mechanisms underlying thymus organogenesis. q
Introduction
Vertebrates are equipped with a highly developed immune system in which B and T lymphocytes play an important role in antigen-specific immune response and memory. In contrast to B-lymphocytes that develop in hematopoietic organs such as bone marrow and fetal liver in mammals, T lymphocytes develop through an additional lymphopoietic environment in the thymus. The thymic microenvironment is crucial for the maturation and expansion of T lymphocytes, the rearrangement of T-cell receptor genes, and the selection of T lymphocyte clones that are both responsive to foreign antigens and harmless to selftissues. Failure in generating a functional thymus, as in patients with the Di George syndrome and athymic nude mice, results in the loss of protection from microbial infection (Di George et al., 1967; Wortis et al., 1971) . The thymus anlage is generated from the third pharyngeal pouch endoderm. Recent studies have suggested that thymic epithelial cells originate exclusively in the endoderm (Bennett et al., 2002; Gill et al., 2002) . However, the possible contribution of the pharyngeal cleft ectoderm to the thymic epithelial cells remains to be confirmed . Migrating neural crest derived ectodermal cells are relocated to surround the thymic anlage in order to form a mesenchymal capsule, and this is followed by the migration of T precursor cells from hematopoietic organs (Manley, 2000; Jenkinson et al., 2003) . The interaction of thymic stromal cells with T precursor cells is critical for the formation of the three-dimensional structure of the thymus and the distribution of cortex and medulla in the thymus (Hollander et al., 1995; van Ewijk et al., 2000) .
Studies on mice have revealed several genes that are involved in thymus organogenesis. foxn1, formerly called whn, was identified as the gene responsible for the nude phenotype (Nehls et al., 1994) . In the embryos of nude mice, the thymus anlage of epithelial mesenchymal layers is formed but does not allow migration of T precursor cells, resulting in the developmental arrest of the thymus (Itoi et al., 2001) . Hoxa3 is involved in early pattern formation of the pharyngeal region (Chisaka and Capecchi, 1991; Manley and Capecchi, 1998) . Hoxa3-deficient mice show defects in pharyngeal organs including thymus, parathyroid, and thyroid (Chisaka and Capecchi, 1991) . Pax1 and Pax9 contribute to thymus organogenesis in a Hoxa3-dependent manner (Su and Manley, 2000; Hetzer-Egger et al., 2002) . Eya1 and Six1 are involved downstream of the Hoxa3 -Pax1/9 pathway (Xu et al., 2002) . However, the problem of how the functions of those genes are organized in thymus development remains unsolved. The involvement of other important genes in thymus development is also possible.
Forward genetics is a powerful experimental approach to uncover gene functions that regulate the development of the immune system, such as thymus organogenesis, which is specific for vertebrates. Small fish may serve as suitable models for forward genetics mainly because (1) their life cycle is short and they lay many eggs, (2) their embryos develop in transparent eggs without a placenta, and (3) their genome size is generally smaller than that of mammals.
Zebrafish is widely used in the forward genetics approach (Haffter et al., 1996; Driever et al., 1996) and athymic zebrafish mutants have been collected (Schorpp et al., 2000; Trede et al., 2001) . The collection of mutants from other species is expected to contribute to the identification of novel genes and/or novel functions of known genes, because chemical treatment of an independent genomic structure will generate a different set of mutations. Medaka is useful for forward genetics because of its small genome size (approximately 800 Mb versus approximately 1700 Mb in zebrafish) and its viability over a wide temperature range, which serves as an advantage when it is employed in the production of temperature-sensitive mutants. The availability of inbred strains is also useful for the analysis of immune responses as well as for positional cloning strategy (Wittbrodt et al., 2002) .
In the present study, the offspring of chemically mutated Medaka were screened for mutations affecting thymus organogenesis. Among the 538 F 2 families screened, at least 13 mutations affecting the expression of recombination activating gene 1 (rag1) in the developing thymus were isolated. Those mutations were grouped into three classes based on pharyngeal arch development, and the possible defects in those mutants are discussed.
Results

Screening for mutations affecting thymus formation in Medaka
To screen for mutations affecting thymus formation, we first established a method for reliably visualizing the embryonic thymus in a whole-mount preparation. As rag1 is specifically expressed in developing lymphocytes and is involved in the recombination of antigen-specific receptor genes (Schatz et al., 1989) , we amplified the 638 bp fragment of the rag1 gene by the polymerase chain reaction (PCR) of reverse transcribed cDNA from adult Medaka. The amplified sequence corresponded to the C-terminal core region of rag1, and the nucleotide sequence had 75 and 73% identity to the rag1 sequences of zebrafish and mouse, respectively (Schatz et al., 1989; Willett et al., 1997a) . Fig. 1 . Detection of thymus in Medaka embryos. Ventral views of wild-type Medaka embryos that were analyzed for the expression of rag1 (A; day 5), ikaros (B; day 6), tcrb (C; day 6) and tcf1 (D; day 6) by whole-mount in situ hybridization. The cryosection of day 10 Medaka embryos was stained with hematoxylin and eosin (E). Arrows indicate the region that was described as the thymus (Ghoneum et al., 1981; Ghoneum and Egami, 1982) .
The identity of this sequence as rag1 partial cDNA was confirmed by comparison with genomic rag1 gene of Medaka cloned as 14.3 kb DNA (DDBJ/GenBank/EMBL, accession number: AB120889). Whole-mount in situ hybridization using the rag1 probe revealed a bilateral pair of specific signals in the pharyngeal region (Fig. 1A) . The expression of T-cell-specific ikaros, tcrb, and tcf1 genes and the accumulation of lymphocytes in that region confirmed that the rag1-positive region corresponds to the thymus organ rudiment (Fig. 1B -E) . The expression of rag1 became detectable at stage 30 (st. 30, 84 h postfertilization (hpf)) and was maintained throughout embryogenesis and after hatching, consistent with the histological detection of the thymus in Medaka by Ghoneum et al. (1981) and Ghoneum and Egami (1982) . The expression of rag1, however, was not detected in Medaka in the olfactory neurons and pancreas, where rag1 was reported to be expressed in zebrafish from 30 hpf and 4 days postfertilization (dpf), respectively (Jessen et al., 1999; Danilova and Steiner, 2002) .
Mutations affecting rag1 expression in thymus
F 3 offspring of ethylnitrosourea (ENU)-treated males were screened for recessive mutations altering rag1 expression in the thymus. By screening F 3 embryos (Table 1) . rag1 expression was severely reduced in all mutants, and in some cases, it was undetectable in the embryonic region where the thymus is normally localized. Because thymus development depends on pharyngeal arch formation, we classified the mutants into three classes according the morphological development of the pharyngeal arches. Mutant embryos were stained with Alcian blue for cartilages to assess pharyngeal arch development. The skeletal structures of head and pharynges in Medaka embryo have been described by Langille and Hall (1987) . Thirteen genes were defined by the complementation analysis of 15 mutations and were named after various kinds of Japanese tea, similar to the names of zebrafish thymus mutants (e.g. earl gray, jasmine, camomile) after the 'T' (for thymus and T lymphocytes) (Trede et al., 2001 ).
Mutations without apparent defects in pharyngeal arch development
Eight mutations defining six genes resulted in barely detectable signals of rag1 in the thymus and no apparent morphological defects in pharyngeal arches in the embryos (Table 1 ). The reduction of rag1 expression was slightly variable in a clutch from a pair; on average, rag1 expression was undetectable in approximately 20% of homozygotes and strongly reduced in the remaining 80% (Table 1) . Those mutants could not be morphologically distinguished from the wild type up to 3 dpf. Mutants in this class had all the seven pharyngeal arches, and most of the arches were unaltered except the lower jaw, which was sometimes narrower, more pointed than the wild type and protruded anteriorly. Except for gyokuro, the mutants had small eyes.
gyokuro (gkr) was distinguished from the wild type only by the reduction of rag1 signals at st. 32 (Fig. 2C,D) . The pharyngeal arch structure was comparable to that of the wild type (data not shown) at 9 dpf. gkr mutants hatched and swam normally, suggesting that gkr is specifically required for normal thymus development. However, ikaros and tcrb expression in the thymus was also decreased in gkr (Fig. 3B,E) , suggesting that gkr mutation does not directly affect rag1 gene itself in thymocytes.
matcha (mtc) showed slightly small eyes at st. 29 and slightly retarded growth (after 3 dpf). The rag1 signal at st. 32 was reduced or undetectable (Fig. 2E,F) . The expression of ikaros and tcrb in the thymus was also decreased (Fig. 3C,F) . The protrusion of the lower jaw was reduced and horizontally oriented at 9 dpf (Fig. 2I ,J,O,P). mtc hatched and swam normally. Lymphocyte accumulation in the thymus was not detected by histological analysis at 10 dpf (Fig. 3I,J) . genmaicha (gnm) could be identified by its small eyes at st. 29. The lower jaw was narrow but the skeletal structure of posterior arches was normal at 9 dpf (Fig. 2K,L,Q,R) . gnm hatched and swam normally.
houjicha (hjc) was recognized by its small eyes at st. 29. The lower jaw was protruded ventrally, in contrast to the wild type in which the lower jaw was protruded dorsally (Fig. 2S,T) . hjc hatched and swam normally.
In two alleles of agari (agr j22-17A and agr j54-5B ) mutations, rag1 expression in the thymus was reduced or undetectable. The mutant embryos were distinguished by their round eyes and small head size. Pharyngeal arches developed normally except for the lower jaw that protruded horizontally (Fig. 2U,V) . agr hatched but could not swim.
bancha (bnc) showed slightly small eyes and a small brain at st. 29. The pharyngeal arch structure including the lower jaw appeared normal (Fig. 2W,X) . bnc hatched but could not swim.
Class 2: mutations with abnormally shaped pharyngeal arches
At least three mutations that caused the defective rag1 expression in the thymus had short and abnormally shaped pharyngeal arches, despite the fact that most of the cartilages were detected (Table 1) . Developmental retardation was seen as early as 2 dpf. The lower jaw did not protrude anteriorly. All of the mutants in this class failed to hatch even at 9 dpf, in contrast to the wild-type Medaka that hatched at 7 dpf at 28 8C.
awacha (awc) showed defective rag1 expression in the thymus at st. 32 (Fig. 4C,D) . awc had small eyes and a small midbrain as early as st. 24. Although awc had all seven pharyngeal arch cartilages (Fig. 4K,L) , all the cartilages were thin, short and malformed. Neural crest cell derived pharyngeal ectodermal cells, visualized by the dlx2 probe, were normally distributed at 3 dpf (Fig. 4F) , whereas pax9 expression in pharyngeal pouch endoderm at 6 dpf was markedly decreased (Fig. 4H ). This suggests that awc mutation may affect pharyngeal pouch endoderm, resulting in malformed pharyngeal arch cartilages despite the presence of normal pharyngeal ectodermal cells derived from neural crest cells.
Similar to awc, hokecha (hkc) had small eyes and a small brain. Unlike that in awc, however, the lower jaw in hkc was protruded anteriorly but did not fully develop at 9 dpf (Fig. 4M,N) . hkc had six pharyngeal arches (Fig. 4M,N) . Cartilage staining suggested a defect of the seventh arch. All other pharyngeal cartilages including the lower jaw were short.
awabancha (awb) developed normally until 3 dpf, but the eyes became smaller thereafter. awb had all seven pharyngeal arches, but all were short and exhibited poor cartilage development, as observed by Alcian blue staining at 9 dpf ( Fig. 4O,P) . 
Class 3: mutations with severe defects in pharyngeal arch development
At least four mutants showed severe defects in pharyngeal arch development (Table 1) . Complementation tests of seven other mutants are ongoing (Table 1) . Class 3 mutants lacked more than two pharyngeal arches. The lower jaws of the mutants did not protrude anteriorly. Developmental defects were also found in other parts of the body, such as brain, eyes, and trunk. Those mutants did not hatch. umecha (umc) was distinguishable from the wild type by its small eyes and small brain as early as day 2. umc showed undetectable rag1 expression in the thymus at st. 32 (Fig. 5C,D) . Protrusion of the lower jaw was not seen even at 9 dpf (Fig. 5G,H) . Four pharyngeal arches, including the first and second arches, were detectable but severely malformed (Fig. 5M,N) . kobucha (kbc) had small eyes and a small brain at st. 24. The lower jaw did not protrude anteriorly (Fig. 5I,J) . Only the first and second pharyngeal arch cartilages were detected but they were both short at 9 dpf ( Fig. 5O,P) . mugicha (mug) also showed small eyes and a small brain at st. 24. The first and second pharyngeal arches were short and malformed at 9 dpf (Fig. 5Q,R) .
Compared to other Class 3 mutants, sobacha (sbc) showed less severe developmental retardation of eyes and brain at the early stages. sbc was distinguished from the wild type by its slightly smaller eyes at st. 24. Body growth stopped by 5 dpf. Alcian blue staining was generally weak, and only fragmented first and second pharyngeal arch cartilages could be detected at 9 dpf (Fig. 5S,T) .
Discussion
The goal of this study is to genetically dissect the complex steps of thymus organogenesis. To this end, the identification of key molecules that control each step of the organogenesis is important. As rag1 expression in immature thymocytes required both normal development of T precursor cells and an appropriate microenvironment for the thymus anlage, the screening based on rag1 expression was expected to detect mutations in one of the following developmental steps: (1) pattern formation in the region containing the third pharyngeal pouch, (2) specification of the pouch region to form the thymus anlage, (3) migration of neural crest cells and their interaction with pouch endoderm, (4) maturation of the thymic anlage to attract T precursor cells, (5) lymphopoiesis in the hematopoietic organ and migration of T precursor cells to the thymus primordium, and (6) interaction between thymic stromal cells and T precursor cells to initiate rag1 expression.
In order to detect rag1 expression, we cloned Medaka partial rag1 cDNA, the sequence of which was ascertained by cloning the entire rag1 genomic DNA. Medaka rag1 was highly conserved with rag1 of zebrafish and mouse (Schatz et al., 1989; Willett et al., 1997a) . rag1-expressing cells in the thymus were detected in zebrafish larvae from 92 hpf (Willett et al., 1997b) . In our study, the rag1 expression in Medaka embryos was detected as early as st. 30 in the region corresponding to the thymus, in agreement with previous histological analysis (Ghoneum et al., 1981; Ghoneum and Egami, 1982) . The additional expression of ikaros, tcrb and tcf1 and the accumulation of lymphocytes in this rag1-expressing region are further evidence that the in situ detection of rag1 expression in Medaka embryo can successfully visualize the thymus.
We found 77 candidates for mutations in the initial screening, but many of them were accompanied by severe retardation in systemic development. It is possible that some of those genes may affect the earlier processes of embryogenesis, including the epithelial -mesenchymal interactions in general. The present study focused on the analysis of the mutations that exhibited severe thymus defects without marked systemic retardation.
The development of pharyngeal organs, such as thyroid, parathyroid (absent in teleosts), and thymus, depends on pharyngeal pouch development. The Class 3 mutants in this study exhibited severe defects in a majority of the pharyngeal arch cartilage structures, suggesting that those mutations may cause defects in the early patterning of the pharyngeal region.
Mutations in the Class 2 genes allowed the generation of all pharyngeal arches (except hkc that lacked one pharyngeal arch), but resulted in the formation of short and abnormally shaped cartilages. As the early patterning of the pharyngeal arches appeared normal in the Class 2 mutants, their defects might lie in the later stages of pharyngeal arch development. Considering the fact that pharyngeal arch cartilages are generated from neural crest derived cells (reviewed by Schilling (1997) ), it is possible that the Class 2 genes contain genes that regulate neural crest cells. However, in the case of awc, neural crest cells seemed to migrate normally to the pharyngeal region, even though their pharyngeal pouches appeared all defective at the later stages of embryogenesis. In our preliminary experiments, other Class 2 mutants also showed normal distribution of dlx2-expressing cells in the pharyngeal region at 3 dpf (unpublished results). Thus, we think it is unlikely that the Class 2 mutants isolated in the present study directly affect the migration of neural crest cells.
Mutants of the Class 1 genes did not show severe defects in developing pharyngeal arches. All of the Class 1 mutants showed no or little expression of rag1 in the thymus. However, it is unlikely that those mutations directly affect rag1 gene expression because the expression of lymphocyte-specific genes, ikaros and tcrb, which are both expressed during T-cell development at stages earlier than those of rag1 expression (Clevers and Grosscheldl, 1996; Georgopoulos, 1997) , was also reduced in all the Class 1 mutants (data not shown). It is interesting to note that all the Class 1 mutants showed normal blood circulation containing red blood cells (data not shown). Although markers for the hematopoiesis lineages or vasculogenesis are not yet available in Medaka, analysis using such markers will define which cell lineage is affected in the mutants. It is less likely that the Class 1 genes are involved in the development of hematopoietic stem cells. Instead, the Class 1 genes may be involved in lymphocyte development in the thymus either cell-autonomously in lymphocytes or noncell-autonomously through thymic stromal cells.
As far as we know, one Class 1 mutant called gkr showed defects exclusively in the thymus. It is thus possible that gkr affects a gene that regulates either early lymphopoiesis, including the migration of T precursor cells into the thymus anlage, or the formation of the thymus anlage, including the attraction of T precursor cells. On the other hand, other Class 1 mutants except gkr showed small eyes and/or lower jaw malformation in addition to defective thymus formation. The foxn1-defective nude mouse, in which the hair and thymus are affected, is an example of a known gene that when mutated produces defects in other structures unrelated to the thymus. Thus, it is conceivable that other genes regulate developmental programs that are essential for thymus organogenesis and also function in genetic pathways important for differentiation of the eyes and/or lower jaw.
It has been shown that foxn1-defective nude mice are unable to undergo normal thymus development, in addition to the hair follicle developmental defect (Wortis et al., 1971; Nehls et al., 1994) . It is suggested that the embryonic thymus anlages in nude mice are defective in attracting T precursor cells (Itoi et al., 2001) . Because no malformation of pharyngeal arch structures is detected in nude mice, it is likely that the mutation in foxn1 would be classified as Class 1. Studies using gene-targeting mice have shown that Hoxa3, Pax1/9, Eya1 and Six1, which are involved in the development of the pharyngeal region, subsequently affect thymus formation (Chisaka and Capecchi, 1991; Manley and Capecchi, 1998; Su and Manley, 2000; Hetzer-Egger et al., 2002; Xu et al., 2002) . The mutations in those genes may fall under either Class 1 or Class 2.
Recently, zebrafish van gogh (vgo) was recognized as a mutation in the tbx1 gene (Piotrowski et al., 2003) .
Human tbx1 is located on chromosomal region 22q11.2 and is considered to be one of the candidate genes for the Di George syndrome. vgo was originally found to be defective in pharyngeal arch structure (Piotrowski et al., 1996) , and further analysis revealed that pharyngeal mesendodermal defects caused by vgo/tbx mutation affected neural crest cells (Piotrowski et al., 2003) . Consequently, ears were defective and the thymus did not develop, which was confirmed by the absence of rag1 expression in the thymus (Piotrowski and Nusslein-Volhard, 2000) . vgo would be classified as a Class 3 mutant based on the criteria of this study (reduction or absence of most posterior arches), although we did not find a phenotype similar to vgo.
Lastly, we cloned genomic DNA containing the rag1 coding region. The putative amino acid sequence of Medaka rag1 (1069 amino acids) was 56 and 73% identical to that of mouse and zebrafish, respectively. This high similarity of the amino acid sequence suggests that the function of Medaka rag1 is similar to that of the other vertebrates, and that rag1 is one of the ideal markers for detecting developing thymocytes in Medaka.
We are interested in identifying the molecular mechanisms by which the thymic anlage is generated from the pharyngeal region and the functional thymus organ is formed by interaction with T precursor cells. The present study has established novel and useful mutations for the identification of the genes that govern thymus organogenesis.
Materials and methods
Medaka and ethylnitrosourea treatment
Medaka (Oryzias latipes) Cab strain was used for mutagenesis. ENU treatment of male and raising of offspring were described in an accompanying paper (Furutani-Seiki et al., 2004) . The developmental stage was designated as described by Iwamatsu (1994) .
4.2. Cloning of Medaka rag1, ikaros, tcrb, tcf1, and pax9 homologues cDNA from whole bodies of adults of the Cab strain was amplified by PCR using rag1 degenerate primers (Greenhalgh et al., 1993) . The primers used were as follows: forward primer, 5 0 -CAY TGY GAY ATH GGI AAY GC-3 0 , and reverse primer, 5 0 -TTR TGI GCR TTC ATR AAY TTY TG-3 0 . The PCR product was cloned into the pCRII vector (Invitrogen) and used for the production of rag1 sense and anti-sense RNA probes.
The cloned rag1 partial cDNA fragment was labeled with [a- 32 P]-cCTP following the protocol of the random primer DNA labeling kit ver. 2.0 (Takara). 7.5 £ 10 5 plaques of Medaka lambda genomic library (Stratagene) were screened by plaque hybridization according to the method of Benton and Davis (1977) . A positive clone was identified and sequenced by the shotgun method.
ikaros, tcrb (T-cell receptor b), tcf1 (T-cell factor 1), and pax9 were also cloned by PCR from adult Cab cDNA. The primers used were as follows: ikaros forward primer (Haire et al., 2000) , 5
0 -GGN GAR AAR CCN TTY AAR TG-3 0 , and reverse primer, 5 0 -CAN CCC ATR TGD ATN GTR TA-3 0 ; tcrb forward primer, 5 0 -TAT AAA CGT CAC AGC TCC AA-3 0 , and reverse primer, 5 0 -TGT TCC ATT GAA GAA GCT GA-3 0 ; tcf1 forward primer, 5 0 -CCT CCC TCC AGG TGG CGT-3 0 , and reverse primer, 5 0 -GCC GTA GTT GTC TCT AGC GGA-3 0 ; pax9 forward primer, 5 0 -GAR CCN GCN TTY GGN GAR GT-3 0 , and reverse primer, 5 0 -CCI GGI GGN GTN GGN ACY TT-3 0 . A plasmid containing Medaka dlx2 was kindly provided by Wittbrodt.
Whole-mount in situ hybridization
Sense and anti-sense rag1, ikaros, tcrb, tcf1, dlx2, and pax9 RNA probes were conjugated with digoxigenin using the DIG RNA labeling kit (Roche). Embryos at 3-7 dpf were rolled on a piece of paper, and chorions were removed with 3 mg/ml pronase (Calbiochem) in 10% hatching enzyme solution for 2 h. Embryos were then fixed with 4% paraformaldehyde in phosphate-buffered solution (PBS). Whole-mount in situ hybridization was carried out according to the protocol described by Hauptmann and Gerster (1994) . In brief, embryos were dehydrated in methanol, followed by rehydration in PBS containing 0.1% Tween 20 (PBST). Proteinase K (Wako Pure Chemical Industries) treatment (5 mg/ml) was carried out at 37 8C for 12 min. 1:2500 diluted RNA probes in hybridization buffer (50% formamide, 5 £ SSC, 50 mg/ml heparin, 0.1% Tween 20, 5 mg/ml torula yeast RNA (Sigma-Aldrich)) were hybridized overnight at 65 8C after prehybridization in hybridization buffer at 65 8C for 1 h. After washing with 2 £ SSC and 0.2 £ SSC at 65 8C and with PBST at room temperature, embryos were preincubated in blocking solution (5% sheep serum, 2 mg/ml bovine serum albumin in PBST) at room temperature for 1 h and incubated with alkaline phosphatase conjugated antidigoxigenin antibody (Roche) in blocking solution at room temperature for 4 h. Embryos were washed with PBST and stained with BM purple (Roche), a substrate for alkaline phosphatase. Then, the embryos were washed with PBST and clarified in 70% glycerol/PBST. Stained embryos were observed under an MZ125 microscope (Leica Microsystems) and an HC-300Z digital camera (Fuji Film).
Alcian blue staining
Skeletal analysis was carried out according to the method described by Dingerkus and Uhler (1977) using Alcian blue (Sigma-Aldrich). Larvae at 9 dpf were fixed with 4% paraformaldehyde in PBS at room temperature for 2 h, and stained with 0.1% solution of Alcian blue dissolved in 80% ethanol/20% glacial acetic acid at room temperature overnight. Embryos were washed with ethanol, which was serially replaced by PBST. Embryos were then cleared in 0.05% trypsin dissolved in 2% solution of saturated sodium tetraborate for 1.5 h. Embryos washed with PBST were observed under a microscope.
Histological analysis
Larvae at 10 dpf were frozen and embedded in OCT compound (Sakura Finetek). Five micrometer sections were stained with hematoxylin and eosin.
